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Transposon Tn917-LTV1 was used to produce a collection of Lactococcus lactis strains with fusion of a
promoterless lacZ gene to chromosomal loci. Screening 2,500 Tn917-LTV1 integrants revealed 222 that express
b-galactosidase on plates at 30&C. Pulsed-field gel electrophoresis revealed Tn917-LTV1 insertions in at least
13 loci in 15 strains analyzed. Integrants in which b-galactosidase expression was regulated by temperature or
pH and/or arginine concentration were isolated. In most cases, the regulation observed on plates was repro-
ducible in liquid medium. One integrant, PA170, produces b-galactosidase at pH 5.2 but not at pH 7.0,
produces more b-galactosidase at 15&C than at 30&C, and has increased b-galactosidase activity in the
stationary phase. DNA fragments potentially carrying promoters from selected Lactococcus lactis integrants
were cloned in Escherichia coli. A new promoter probe vector, pAK80, containing promoterless b-galactosidase
genes from Leuconostoc mesenteroides subsp. cremoris and the Lactococcus lactis subsp. lactis biovar diacetylactis
citrate plasmid replication region was constructed, and the lactococcal fragments were inserted. Plasmid
pAK80 was capable of detecting and discriminating even weak promoters in Lactococcus lactis. When inserted
in pAK80, the promoter cloned from PA170 displayed a regulated expression of b-galactosidase analogous to
the regulation observed in PA170.

Lactococcus lactis is an important industrial microorganism
used to produce a variety of cheeses and cultured milk prod-
ucts such as buttermilk. Genetic modification of Lactococcus
lactis may be desirable, for example, to improve the acid pro-
duction, bacteriophage resistance, or production of flavor com-
pounds by industrially important strains. A better understand-
ing of the regulation of gene expression in this organism and a
collection of regulated promoters would facilitate the desired
modifications.
Regulation of gene expression in Lactococcus lactis has been

the subject of several studies (recently reviewed in references
11 and 36). A variety of promoter selection vectors have been
developed; these vectors allow detection of promoters in Lac-
tococcus lactis following insertion of DNA fragments into a
polylinker preceding a promoterless reporter gene (1, 6, 22, 31,
33, 38). The function and regulation of these promoters were,
in most cases, not elucidated. Several promoters from defined
lactococcal genes have been shown to be regulated (9, 12, 15,
35, 39).
Accurate analysis of the regulation of gene expression is not

always possible with multicopy systems. Several transposons
carrying a promoterless reporter gene have been constructed
and used as promoter probes in enterobacteria (3), allowing
analysis of gene expression with one copy per chromosome.
Youngman et al. (41) used the gram-positive Enterococcus
faecalis transposon Tn917 for studying the sporulation genes in
Bacillus subtilis. Recently, we reported that Tn917-lacZ deriv-
atives, including Tn917-LTV1 (8) (Fig. 1) and Tn917-TV32
(40), transpose in Lactococcus lactis and that the chromosome
of this bacterium does not contain hot spots for Tn917 inser-

tions (18). Ten Lactococcus lactis Tn917-TV32 integrants that
express b-galactosidase, presumably as a result of fusion of
chromosomal promoters to the lacZ gene, were isolated (18).
In this paper, we describe the production of a collection of

222 Lactococcus lactis Tn917-LTV1 integrants that express
b-galactosidase (b-Gal1). Screening of integrants on plates for
regulated expression of b-galactosidase was used as an initial
step in identification of sites on the Lactococcus lactis chromo-
some where regulated gene expression occurs upon gene in-
sertion. Lactococcus DNA adjacent to the lacZ end of the
transposon from five Tn917-lacZ integrants was cloned in
Escherichia coli. These integrants were chosen because b-ga-
lactosidase expression responds to environmental factors rele-
vant to production processes used in dairies. A new promoter
probe vector, pAK80, was constructed and shown to be more
sensitive than pGKV210 (37) for promoter detection. Finally,
we show that, when one of the promoters is inserted in pAK80,
regulation of gene expression is analogous to the regulation
observed in the original Tn917-LTV1 integrant.
(Preliminary results of this work were presented at the

Fourth Symposium on Lactic Acid Bacteria, Noordweijker-
hout, The Netherlands, September 1993, and at the ASM
Fourth International Conference on Streptococcal Genetics,
Santa Fe, N.Mex., May 1994.)

MATERIALS AND METHODS

Bacterial strains, culture media, reagents, and plasmids. Lactococcus lactis
MG1363, MG1614 (14), and derivatives were routinely grown in M17 (34)
containing 0.5% glucose instead of lactose at 308C, unless otherwise specified. E.
coli DH5a (Life Technologies, Gaithersburg, Md.) was cultured at 378C in
Luria-Bertani (LB) broth or LB agar (4). Erythromycin (ERY), chloramphenicol
(CAM), ampicillin (AMP), o-nitrophenyl-b-D-galactopyranoside (ONPG), and
5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) were purchased
from Sigma Chemical Co. (St. Louis, Mo.). ERY was used for selection of
pGKV210 and pAK80 derivatives in Lactococcus lactis at 5.0 and 1.0 mg/ml,
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respectively. The concentrations of CAM used for screening promoter activity on
DNA fragments inserted into pGKV210 were 4, 8, 12, 16, and 20 mg/ml. ERY
and AMP were used for selection in E. coli at 250 and 100 mg/ml, respectively.
X-Gal was used at 160 mg/ml for Lactococcus lactis. Restriction enzymes were
used as recommended by the supplier. Plasmids are listed in Table 1.
Production and screening of promoter fusions. A collection of about 2,500

Tn917-LTV1 insertions in the chromosome of Lactococcus lactis MG1363 was
produced by the replica-plating technique described previously (18). Integrants
were plated on M17 containing ERY and X-Gal and incubated at 308C for 40 h
and then at 208C for 100 h. Increasing numbers of b-Gal1 integrants were
detected with increasing concentrations of X-Gal, with a maximum at 320 mg/ml.
Blue colonies were picked and restreaked once on M17 containing ERY and
X-Gal. The restreaked colonies were named PA1 to PA242. Twenty-one inte-
grants died during the restreaking process. PA243, which expresses b-galactosi-

dase, was isolated from a collection of 10 Tn917-LTV1 insertions in the chro-
mosome of MG1614.
Tn917-LTV1 integrants showing pH-regulated b-galactosidase expression

were identified with M17 (which contained 0.5% glucose) and M17arg (which
contained 0.1% glucose and 0.1% arginine) plates, both supplemented with
X-Gal. Following growth of Lactococcus lactis for 20 to 40 h at 308C, the pH
was about 5.3 on M17 and 6.9 on M17arg. The pH was estimated by use of
pH indicator strips on a suspension of a colony in 250 ml of double-distilled
water. The pH effect is a consequence of the arginine catabolism with concom-
itant formation of ammonia. Plates for screening were incubated at 308C for 24
h.
Identification of integrants showing temperature-regulated b-galactosidase ex-

pression was by streaking onto a duplicate set of plates with X-Gal and incubat-
ing at 15 and 308C. To obtain comparable bacterial growth in the streaks, the
plates were incubated for 24 h at 308C and 190 h at 158C.
Inspection of single colonies was not suitable for screening because differences

in colony size strongly influenced color development. Instead, reproducible re-
sults were obtained when integrants were patched onto agar plates in short
streaks.
DNA preparation and manipulation. Plasmid extractions were done by pub-

lished techniques (for Lactococcus lactis [29, 30] and E. coli [5]). Genomic
Lactococcus lactis DNA was purified as described by Johansen and Kibenich
(19). Southern hybridizations on EcoRI-digested genomic DNA were done as
described previously (18). 32P-labelled probes were either pLTV1 or a 4.0-kb
EcoRI fragment from pLTV1 containing the pE194 replication region. Prepa-
ration of Lactococcus lactis genomic DNA, restriction enzyme digestion in aga-
rose blocks, and pulsed-field gel electrophoresis were performed as described
previously (18).
PCRs were done under the conditions described by Pedersen et al. (30).

FIG. 1. Physical map of Tn917-LTV1 (redrawn from reference 8). The re-
striction enzyme sites used for cloning and mapping are abbreviated as follows:
E, EcoRI; C, ClaI; S, SmaI. The heavy lines at each end of Tn917-LTV1 are the
inverted repeats of Tn917.

TABLE 1. Plasmids used

Plasmid Relevant characteristics Source or reference

pLTV1 Delivery plasmid for Tn917-LTV1 8
p143 Plasmid containing rescued 1.7-kb chromosomal DNA fragment from Lactococcus

lactis PA143
This work

p162 Plasmid containing rescued 1.8-kb chromosomal DNA fragment from Lactococcus
lactis PA162

This work

p163 Plasmid containing rescued 1.0-kb chromosomal DNA fragment from Lactococcus
lactis PA163

This work

p170 Plasmid containing rescued 9.7-kb chromosomal DNA fragment from Lactococcus
lactis PA170

This work

p243 Plasmid containing rescued 1.8-kb chromosomal DNA fragment from Lactococcus
lactis PA243

This work

pGKV210 Promoter selection vector containing a promoterless cat86 gene 38
pGKV210/C pGKV210 derivative containing a ClaI linker inserted into the multiple cloning site This work
pGKV210/C::143 pGKV210/C containing the 1.7-kb chromosomal DNA fragment from p143 This work
pGKV210/C::162d pGKV210/C containing 0.7 kb of the 1.8-kb chromosomal DNA fragment from p162 This work
pGKV210/C::162u pGKV210/C containing 1.1 kb of the 1.8-kb chromosomal DNA fragment from p162 This work
pGKV210/C::163 pGKV210/C containing the 1.0-kb chromosomal DNA fragment from p163 This work
pGKV210/C::170 pGKV210/C containing the 9.7-kb chromosomal DNA fragment from p170 This work
pGKV210/C::243 pGKV210/C containing the 1.8-kb chromosomal DNA fragment from p243 This work
pVA891 Vector suitable for cloning replication regions from plasmids of gram-positive bacte-

ria; Emr
24

pIC19H E. coli cloning vector 25
pKR41 pIC19H containing the citrate plasmid replication region 13
pAK66 E. coli-Lactococcus shuttle vector; Emr This work
pSB1 pIC19H containing the Leuconostoc mesenteroides subsp. cremoris b-galactosidase

genes (lacL lacM)
20

pAK67 pSB1 from which regulatory region of b-galactosidase genes has been replaced with
a polylinker

This work

pAK67.7 pAK67 containing oligonucleotide giving stop codons in all three forward reading
frames

This work

pAK80 Promoter selection vector containing promoterless lacL and lacM genes This work
pGEM-7Zf(1) E. coli cloning vector Promega, Madison, Wis.
pAK80::143 pAK80 derivative containing the 1.7-kb chromosomal DNA fragment from p143 This work
pAK80::162d pAK80 derivative containing 0.7 kb of the 1.8-kb chromosomal DNA fragment from

p162
This work

pAK80::162u pAK80 derivative containing 1.1 kb of the 1.8-kb chromosomal DNA fragment from
p162

This work

pAK80::163 pAK80 derivative containing the 1.0-kb chromosomal DNA fragment from p163 This work
pAK80::170 pAK80 derivative containing the 9.7-kb chromosomal DNA fragment from p170 This work
pAK80::243 pAK80 derivative containing the 1.8-kb chromosomal DNA fragment from p243 This work
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DNA was introduced into Lactococcus lactis by electroporation of glycine-
grown competent cells (17) and into E. coli as described by Hanahan (16).
Plasmids containing the chromosomal Lactococcus lactis DNA adjacent to the

lacZ proximal end of Tn917 were produced from Tn917-LTV1 integrants as
described by Youngman (40) with the modifications described below. Chromo-
somal DNA (100 ng) from Lactococcus lactis Tn917-LTV1 integrants was di-
gested with EcoRI, phenol extracted, ethanol precipitated, and ligated in a final
volume of 10 ml. The ligation mixture was introduced into E. coli, and AMP-
resistant transformants were selected.
Construction of pGKV210/C. A ClaI site was introduced into the polylinker

preceding the promoterless cat86 gene in pGKV210 as follows. A synthetic
oligonucleotide, 59GATCGCCATCGATGGC 39, was self hybridized, producing
a double-stranded oligonucleotide with BamHI sticky ends and an internal ClaI
site. This was inserted into the unique BamHI site in the polylinker of pGKV210,
resulting in plasmid pGKV210/C.
Construction of the promoter probe vector pAK80. A new promoter probe

vector for Lactococcus lactis, pAK80, containing the citrate plasmid minimal
replicon (30), a promoterless b-galactosidase operon derived from Leuconostoc
mesenteroides subsp. cremoris, and a gene for erythromycin resistance, was con-
structed as follows.
A 1.7-kb EcoRI fragment containing the minimal replicon of the Lactococcus

lactis subsp. lactis biovar diacetylactis citrate plasmid (ori, repB, and ;300 bp of
flanking DNA [30]) was cloned from pKR41 (13) into the unique EcoRI site of
pVA891 (24) to produce pAK66, a Lactococcus-E. coli shuttle vector.
The Leuconostoc mesenteroides subsp. cremoris b-galactosidase genes were

obtained from a clone designated pSB1. This clone was constructed during
the course of cloning and sequencing IS1165 from strain DB1165 (20). Plasmid
pSB1 contains a 5.8-kb BglII-SalI fragment, containing most of IS1165 and
flanking DNA, inserted in the polylinker of pIC19H (25). DNA sequence anal-
ysis revealed that the insert in pSB1 contains the b-galactosidase genes (lacL
lacM) of Leuconostoc mesenteroides subsp. cremoris and that they are nearly
identical to those of Leuconostoc lactis (10). Only three differences were de-
tected in 830 bp sequenced. Since DH5a/pSB1 was blue, in spite of having an
insert in the pIC19H polylinker, the Leuconostoc lacL lacM genes are expressed
in E. coli.
Replacement of the lacL lacM promoter with a polylinker was done by PCR.

The two following primers were used: lac-1, i.e., 59 ATAGATCTGCAGGATC
CCGGGTAACTTTGAAAGGATATTCCTC 39, and lac-2, i.e., 59 ATTGAGG
GTATACGGTGGGCG 39. The underlined part of lac-1 is identical to the
beginning of the lacL gene and contains the ribosome binding site but not the
regulatory region. The remaining sequence contains a variety of restriction sites,
including BglII. The lac-2 primer is complementary to the b-galactosidase gene,
annealing 20 bp downstream of the unique NcoI site. PCR amplification with
these primers amplifies from the ribosome binding site to just beyond the NcoI
site, producing a 360-bp fragment. This 360-bp fragment was purified, digested
with BglII and NcoI, and cloned into BglII-NcoI-digested pSB1, replacing the
promoter and all upstream Leuconostoc sequences with a polylinker. The result-
ing plasmid was designated pAK67. Sequence analysis revealed no unexpected
PCR-induced alterations.
Stop codons were introduced into the polylinker of pAK67 with the following

two complementary oligonucleotides: Stop-1, i.e., 59GGGTCTAGATTA 39, and
Stop-2, i.e., 59 TAATCTAGACCC 39. Annealing gives a blunt-ended DNA
molecule containing an internal XbaI restriction site. This small fragment
was cloned into the SmaI site of pAK67. These oligonucleotides were de-
signed in such a way that the SmaI site would be retained, a new XbaI site
would be present in plasmids with this tiny insert, and stop codons would be
present in all three reading frames. Cloning was done by digesting pAK67 with
SmaI, treating with phosphatase, and ligating with a mixture of the two oligo-
nucleotides that had been treated with kinase and annealed. Transformants were
purified, and those in which the plasmid had gained an XbaI site were analyzed
further. DNA sequence analysis revealed one clone, pAK67.7, with the desired
structure. The sequence of the polylinker region of pAK67.7 is illustrated in Fig.
2A.
The final step in the production of the promoter probe vector was the com-

bining of the manipulated lacL lacM genes with a replicon and selectable marker
for Lactococcus lactis. A 4.0-kb HindIII-SalI fragment from pAK67.7 was cloned
into pAK66 digested with HindIII and SalI. The resulting plasmid, pAK80, is a
Lactococcus promoter probe vector and is illustrated in Fig. 2B.
pAK80 was shown to work as a promoter probe vector by inserting a Lacto-

coccus lactis tRNA promoter, resulting in plasmid pAK90 (28). Strain MG1363
harboring pAK80 or pAK90 was streaked on M17 plus X-Gal plates. Only
MG1363/pAK90 was blue. The copy number of pAK80 was estimated to be 5 to
10 copies per cell by comparison with a standard of known concentration on
agarose gels.
Measurement of b-galactosidase activity in liquid cultures. b-Galactosidase

activity was measured as described by Miller (27) with the following modifica-
tions. Cultures were grown in M17 or M17arg containing 1.5 times the usual
amount of M17 and harvested after 20 h at 308C or 165 h at 158C. Cells were
harvested by centrifugation and concentrated up to 10-fold in Z buffer. One-half
milliliter of bacterial suspension was mixed with 12.5 ml of 0.1% sodium dodecyl
sulfate and 25 ml of chloroform on a vortex mixer for 10 s. After 5 min of
incubation in a 308C water bath, 100 ml of ONPG (4 mg/ml of A-medium [27])

was added, and the suspension was vortexed for 2 s and incubated further at
308C. Reactions were stopped by the addition of 250 ml of 1 M sodium carbonate.
After centrifugation, A420 and A550 values were measured on the supernatant. If
A550 values exceeded 0.050, the sample was centrifuged again and remeasured.
b-Galactosidase activity in Miller units was calculated as (522 z A420)/
(t z v z OD600), where t is time in minutes, v is the volume of culture used in the
assay in milliliters, and OD600 is the optical density of the culture at 600 nm.
Fermentations. Four fermentors, each containing 1 liter of M17 made with 1.5

times the usual amount of M17 and supplemented with ERY, were set to operate
at 308C. Stirring was kept at 150 rpm without an active supply of air. pH in the
growth medium was automatically controlled by the addition of 5 M HCl or 5 M
NaOH. Fermentors were set to operate in parallel at pH 5.2 and 7.0. The
duplicate fermentors were inoculated with 10 ml of a fresh overnight culture
grown in the same medium. Fermentations were run for 22 h, and growth was
monitored by measuring the OD600. Samples for measurement of b-galactosi-
dase activity were taken at selected OD600 values and time intervals.

RESULTS

Production of promoter fusions and screening for regulated
expression of b-galactosidase. A collection of about 2,500
Tn917-LTV1 insertions in Lactococcus lactisMG1363 was pro-
duced and screened for b-galactosidase production. The b-Gal1

integrants displayed varying blue intensities, ranging from pale
to strong blue.
Southern hybridizations of EcoRI-digested chromosomal

DNA from 12 b-Gal1 integrants probed with the transposition
vector pLTV1 and a replication region-specific probe showed
that 11 integrants have a single copy of Tn917-LTV1 and that
one integrant, PA179, also contains vector DNA (data not
shown). The region of Tn917-LTV1 preceding the ribosome
binding site and the lacZ gene contains stop codons in all three
reading frames. Thus, b-galactosidase expression results from
transcriptional fusion of chromosomal promoters to the pro-
moterless lacZ gene in Tn917-LTV1.
All 222 b-Gal1 integrants were screened on plates for reg-

ulated expression of b-galactosidase. Twenty integrants showed
altered expression of b-galactosidase when the plates con-
tained arginine. The pH of the plates containing arginine is
higher than that of the plates without arginine as a con-
sequence of arginine catabolism and the concomitant re-
lease of ammonia. Thus, these promoters are regulated
by pH and/or arginine. Thirteen integrants showed altered
expression at 158C relative to that at 308C. In four of these
integrants, the expression was also regulated by pH and/or
arginine.
Fifteen integrants showing regulated expression of b-galac-

tosidase on plates were selected for further analysis. Since
Tn917-LTV1 contains two SmaI sites (Fig. 1), the location of
Tn917-LTV1 on chromosomal SmaI fragments could be estab-
lished by pulsed-field gel electrophoresis. Transposon insertion
into chromosomal SmaI fragments of 50 kb or larger was
detectable. PA193 has two copies of Tn917-LTV1 in the chro-
mosome. The location of Tn917-LTV1 could not be deter-
mined in PA222, most likely because the transposon has in-
serted near the end of a SmaI fragment or into a fragment
smaller than 50 kb. In the remaining 13 integrants analyzed,
Tn917-LTV1 is inserted into at least 12 different locations
(Table 2).
Regulation of b-galactosidase expression was analyzed in

liquid cultures. The integrants showing regulation by pH
and/or arginine had the same regulation in liquid media as they
did on plates (Table 3), while only two of six integrants regu-
lated by growth temperature on plates were regulated by tem-
perature in liquid media (Table 4).
Characterization of pH-regulated b-galactosidase expres-

sion in PA170. The potential pH regulation of b-galactosidase
expression in integrant PA170 was analyzed by fermentation at
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a constant pH maintained without the use of arginine (Fig.
3A). b-Galactosidase synthesis was clearly dependent on pH.
The increase in b-galactosidase activity at pH 5.2 was not
proportional to the increase in OD600 (Fig. 3B). The slope of

the curve is the ratio of change in b-galactosidase relative to
change in cell mass. This ratio, Db-Gal/DOD600, was less than
1 in the exponential growth phase but increased to about 20 in
the late growth phase, i.e., an OD600 greater than 1.9. Thus,

FIG. 2. (A) Polylinker and sequences upstream of the b-galactosidase gene in pAK67.7 and pAK80. Restriction sites which are unique in pAK80 are indicated.
R.B.S. indicates the putative ribosome binding site. The last 3 bp constitute the first codon in lacL. Stop codons are designated with an asterisk. (B) Physical map of
the promoter probe vector pAK80. DNA fragments from pAK66 and pAK67.7 and the restriction sites for construction of pAK80 are indicated. The polylinker region
is illustrated in Fig. 2A. RBS indicates the putative ribosome binding site. erm is the erythromycin resistance gene.
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expression of b-galactosidase in PA170 is regulated by pH and
growth phase as well as temperature (Table 4).
Cloning of Lactococcus lactis DNA fragments potentially

harboring regulated promoters and insertion into pGKV210.
In addition to the lacZ gene, Tn917-LTV1 harbors a ColE1
replication region, a b-lactamase gene, and a polylinker (Fig.
1) allowing host DNA adjacent to lacZ to be cloned in E. coli
(40). This is the main advantage in using Tn917-LTV1 rather
than Tn917-TV32. Cloning of adjacent Lactococcus DNA was
done for integrants PA143, PA162, PA163, PA170, and PA243,
resulting in plasmids designated p143, p162, p163, p170, and
p243 (Table 1).
The promoter probe vector pGKV210 contains a promoter-

less cat gene preceded by a polylinker and a gene for ERY
resistance (37). When a fragment harboring a promoter is

inserted into the polylinker in the correct orientation, the plas-
mid confers CAM resistance. The level of CAM resistance is
dependent on the strength of the inserted promoter (38). A
ClaI site is located in Tn917-LTV1 30 bp from the lacZ prox-
imal end (Fig. 1). The EcoRI-ClaI fragments containing lacto-
coccal DNA from plasmids p143, p163, p170, and p243 were
inserted into pGKV210/C, a derivative of pGKV210 which
carries EcoRI and ClaI sites in the polylinker. The resulting
pGKV210/C derivatives were designated pGKV210/C::143,
pGKV210/C::163, pGKV210/C::170, and pGKV210/C::243, re-
spectively (Table 1). The lactococcal DNA of p162 contains a
ClaI site located 0.7 kb from the lacZ end of the transposon.
The lactococcal EcoRI-ClaI fragment of p162 was inserted into
pGKV210/C to give pGKV210/C::162u. The lactococcal ClaI
fragment of p162 was inserted in the proper orientation into
pGKV210/C, giving pGKV210/C::162d.
The pGKV210/C derivatives were introduced into Lactococ-

cus lactis MG1363. Screening for promoter activity was by
plating overnight cultures on M17 plates supplemented with
ERY and various concentrations of CAM to determine the
maximum concentration of CAM at which growth occurs. In
MG1363, plasmid pGKV210/C::243 conferred resistance to
12 mg of CAM per ml, pGKV210/C::143 and pGKV210/
C::162u conferred resistance to 4 mg of CAM per ml, and
pGKV210/C::162d, pGKV210/C::163, pGKV210/C::170, and
pGKV210 did not allow growth even on 4 mg of CAM per ml.
Insertion of lactococcal DNA fragments into pAK80 and

analysis of regulated b-galactosidase expression in Lactococ-
cus lactis. EcoRI-ClaI fragments containing lactococcal DNA
from plasmids p143, p163, p170, and p243 were inserted into
pAK80. Because the b-galactosidase genes of pAK80 contain
ClaI sites, the EcoRI-ClaI fragments were first subcloned into
pGEM-7Zf(1). Similarly, the lactococcal EcoRI-ClaI and ClaI
fragments of p162 were subcloned into pGEM-7Zf(1). The
pGEM-7Zf(1) derivatives were digested with XhoI and BamHI,
and the lactococcal DNA was inserted into the polylinker of
pAK80. The resulting pAK80 derivatives were named pAK80::
143, for example (Table 1). The pAK80 derivatives were in-
troduced into Lactococcus lactis MG1363 and screened for
promoter activity on plates containing ERY and X-Gal. Of the
lactococcal DNA fragments analyzed, all but the p162d and
p163 fragments contained a detectable promoter. The PA162
promoter is contained on the p162u fragment, and the p163
fragment was subsequently shown to contain an open reading
frame throughout its length (data not shown); therefore, a
promoter would not be expected on these fragments.
The regulation of the lactococcal promoters on the pAK80

TABLE 2. Physical determination of Tn917-LTV1 insertion
in chromosomal SmaI fragments of 15 selected
Lactococcus lactis Tn917-LTV1 integrants

Integrant
Tn917-LTV1 target:
chromosomal SmaI
fragment (kb)

Fragment lengths (kb)
of SmaI-digested

target fragments with
inserted Tn917-LTV1a

PA86 65 60, x
PA143 280 140, x
PA162 310 285, x
PA163 310 230, 85
PA170 280 175, 120
PA179 610 500, 125
PA187 610 530, x
PA192 175 100, 85
PA193 610 350, 270

50 30, x
PA201 610 470, 160
PA222 ND
PA229 140 85, x
PA237 610 350, 270
PA241 610 350, 270
PA243 610 430, 190

a x indicates a fragment that could not be detected by pulsed-field gel electro-
phoresis because it was too small or the relevant band was a doublet.
b ND, not determined.

TABLE 3. Effect of final culture pH on b-galactosidase activity

Integrant or strain

b-Galactosidase
activitya with
final pH of:

Ratio
(pH 6.7/pH 5.6)

5.6 6.7

PA86 1 18 18
PA162 20 50 2.5
MG1363/pAK80::162u 70 100 1.4
PA163 9 0.3 0.03
PA170 2 ,0.1 ,0.05
MG1363/pAK80::170 20 1 0.05
PA179 4 1 0.25
PA193 7 18 2.6
PA222 9 5 0.6
PA229 2 ,0.1 ,0.05
PA237 7 15 2.1
PA241 2 5 2.5
PA243 6 20 3.3
MG1363/pAK80::243 700 600 0.9
MG1363/pAK80 ,0.1 ,0.1

a In Miller units.

TABLE 4. Effect of growth temperature on b-galactosidase activity

Integrant or strain

b-Galactosidase
activitya when
grown at:

Ratio
(158C/308C)

308C 158C

PA143 1 2 2
MG1363/pAK80::143 200 35 0.2
PA170 2 15 7.5
MG1363/pAK80::170 20 80 4.0
PA187 1 1 1
PA192 ,0.1 2 .20
PA201 1 1 1
PA243 4 6 1.5
MG1363/pAK80::243 700 100 0.1
MG1363/pAK80 ,0.1 ,0.1

a In Miller units.
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derivatives was compared with the regulation observed in the
original Tn917-LTV1 integrants (Tables 3 and 4). The regula-
tion of b-galactosidase expression in MG1363/pAK80::170
is analogous to the regulation observed in PA170. The pro-
moters on the remaining fragments either lose the regulation
(MG1363/pAK80::243; pH and/or arginine), reverse the regu-
lation (MG1363/pAK80::143; temperature), or gain an unex-
pected regulation (MG1363/pAK80::243; temperature). In-
creasing the copy number of the P143 promoter produced a
200-fold increase in b-galactosidase activity at 308C, whereas
increasing the copy number of the P162 promoter produced a
fourfold increase and increasing the copy number of the P170
promoter produced a 10-fold increase.
Regulation of the P170 promoter in pAK80::170 by pH was

tested in constant-pH fermentations. Synthesis of b-galactosi-
dase is clearly pH dependent (Fig. 4A). The increase in b-ga-
lactosidase activity at pH 5.2 was not proportionate to the
increase in OD600 (Fig. 4B). Thus, expression of b-galactosi-
dase in MG1363/pAK80::170 is regulated in the same way as it

is in PA170, i.e., by pH and growth phase as well as tempera-
ture.

DISCUSSION

Regulation of gene expression in Lactococcus lactis has im-
portant scientific and commercial applications. Studies of gene
regulation in this bacterium and other gram-positive bacteria
led to the identification of new regulation mechanisms not yet
observed in gram-negative bacteria (2, 23). The ability to reg-
ulate gene expression will be important in the construction of
genetically improved strains for industrial applications, includ-
ing their use as starter cultures and production organisms. In
this study, we analyzed gene expression in Lactococcus lactis
regulated by temperature or pH, factors important in dairy
production processes.
Tn917-LTV1 was used as a promoter probe in Lactococcus

lactis and several integrants showing regulated expression of
the b-galactosidase isolated. In 15 integrants chosen for fur-

FIG. 3. (A) Semilogarithmic plot of OD600 and b-galactosidase (b-gal) activity versus fermentation time for PA 170 at pH 7.0 and 5.2. (B) b-Galactosidase activity
versus OD600 for PA170 at pH 7.0 and 5.2. b-Galactosidase activity is shown in Miller units z OD600, i.e., activity per volume of culture.

FIG. 4. (A) Semilogarithmic plot of OD600 and b-galactosidase (b-gal) activity versus fermentation time for MG1363/pAK80::170 grown at pH 7.0 or 5.2. (B)
b-Galactosidase activity versus OD600 for MG1363/pAK80::170 at pH 7.0 or 5.2. b-Galactosidase activity is shown in Miller units z OD600, i.e., activity per volume of
culture.
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ther characterization, Tn917-LTV1 was shown to be located in
at least 13 different loci on the Lactococcus lactis chromosome
(Table 2). PA193 has two Tn917-LTV1 copies inserted in the
chromosome and therefore is different from PA237 and
PA241. The basal level of b-galactosidase is lower in PA241
than in PA237 (Table 3), indicating that the transposon resides
in different locations in these integrants.

b-Galactosidase activity was measured in stationary-phase
cultures because activities were generally too low in the expo-
nential growth phase. Reinforcing the liquid media with extra
M17 produced a higher cell yield and higher levels of b-galac-
tosidase. These findings indicate that the lacZ gene in Tn917-
LTV1 is relatively poorly expressed in Lactococcus lactis and
that the PA integrants have Tn917-LTV1 inserted into genes
which are expressed in the stationary phase. The latter is sup-
ported by the fact that blue color generally emerges in the
patches late in the incubation period.
The pH and/or arginine regulation deduced from plate

screenings was reproducible in liquid media (Table 3). How-
ever, significant consensus on temperature regulation was seen
only in two of the six integrants analyzed (Table 4). Reasons
for lack of consensus could be the differences in the composi-
tion of agar and liquid media and that the blue color observed
on plates represents an accumulated effect of b-galactosidase
activity, while the activity measured in liquid media reflects the
activity at the time of harvest.
The media used for screening of pH- and/or arginine-regu-

lated expression of b-galactosidase differ not only in the final
culture pH but also in the concentrations of arginine and
glucose. The effect on lacZ expression observed could there-
fore be caused by any of these differences, either separately or
in combination. To test for regulation by pH, integrant PA170
was cultivated in fermentors at pH 5.2 or 7.0. Expression of
b-galactosidase was regulated by pH and growth phase (Fig. 3).
These results do not exclude an additional regulation by argi-
nine or glucose.
We constructed a new promoter probe vector, pAK80, with

the b-galactosidase genes from Leuconostoc mesenteroides
subsp. cremoris as reporter genes and a theta replicating rep-
licon from the citrate plasmid of Lactococcus lactis subsp. lactis
biovar diacetylactis. The expression of the b-galactosidase
genes is not subject to posttranscriptional regulation, and the
presence of a theta replicating replicon provides a vector which
is structurally and segregationally stable (7, 21). The range of
b-galactosidase activities measurable with pAK80 is very
broad, ranging from ,0.1 Miller unit for the vector without
insert to .5,000 Miller units with a tRNA promoter inserted
(28). The promoters measured in the current study produced
between 1 and 700 Miller units of b-galactosidase activity. The
cloned DNA fragments potentially carrying promoters from
selected Lactococcus lactis Tn917-LTV1 integrants were ana-
lyzed in both pGKV210 (37) and pAK80 by plate screenings.
When analyzed in pGKV210, no promoter activity could be
detected on the DNA fragment from PA170, and a low pro-
moter activity, close to the limit of detection, was detected on
the fragments from PA143 and PA162. In contrast, promoter
activity was detected on the fragment from PA170 by pAK80,
and the promoters harbored on PA143 and PA162 were dis-
criminated by pAK80 (Tables 3 and 4). Thus, pAK80 can
detect and discriminate among weak promoters. Defined Lac-
tococcus genes have already been analyzed by use of pAK80;
the promoters of the upp gene and the trnA operon were
located by use of pAK80 (26, 28).
A comparison of the regulation of b-galactosidase expres-

sion in Lactococcus lactis harboring the pAK80 derivatives and
the corresponding Lactococcus lactis Tn917-LTV1 integrants

(Tables 3 and 4) revealed that the regulation of b-galactosidase
expression in MG1363/pAK80::170 is analogous to the regula-
tion observed in PA170. The remaining lactococcal fragments
in pAK80 caused either a nonregulated or an unexpected reg-
ulation of b-galactosidase expression. Thus, contrasting results
may be obtained when promoter characterizations are carried
out with a transposon or a plasmid vector.
Promoter P170 is active at pH 5.2 but not at pH 7.0, is more

active at 158C than at 308C, and has increased activity in the
stationary phase. This promoter will be useful for several pur-
poses. The low activity at pH 7.0 should allow genes encoding
products toxic to the cell to be cloned. Expression will occur
only when the pH is reduced. Low-temperature culture condi-
tions improve the intracellular solubility or secretion efficiency
of heterologous proteins expressed in E. coli (32). These ob-
servations may also apply to Lactococcus lactis, making P170
ideal for the expression of heterologous proteins. P170 is also
an ideal promoter for genetically improved dairy starter cul-
tures. P170 will cause expression of a desired gene during
cheese ripening, as a result of the high promoter activity at low
pH, at low temperature, and in the stationary phase. Construc-
tions could include food-grade plasmid vectors (for examples,
see reference 13) containing P170 or insertion of desired genes
into the chromosome at the locus identified in PA170 as show-
ing the desired regulation of gene expression.

ACKNOWLEDGMENTS

We thank Pernille Smith, Susanne Andersen, and Annette Kibenich
for excellent technical assistance, Michael B. Sørensen (Carlsberg Lab-
oratory, Copenhagen) for synthesizing custom primers for PCRs, and
Flemming Jørgensen and Morten Madsen for graphic assistance. Plas-
mid pGKV210 was kindly provided by G. Venema, University of Gron-
ingen, Groningen, The Netherlands.
This work was performed in the framework of the Danish Centre for

Lactic Acid Bacteria and supported by FØTEK, the Danish Research
and Development Programme on Food Technology.

REFERENCES

1. Ahmad, K. A., and G. S. A. B. Stewart. 1991. The production of biolumines-
cent lactic acid bacteria suitable for the rapid assessment of starter culture
activity in milk. J. Appl. Bacteriol. 70:113–120.

2. Bardowski, J., S. D. Ehrlich, and A. Chopin. 1992. Tryptophan biosynthesis
genes in Lactococcus lactis subsp. lactis. J. Bacteriol. 174:6563–6570.

3. Berg, C. M., D. E. Berg, and E. A. Groisman. 1989. Transposable elements
and the genetic engineering of bacteria, p. 879–925. In D. E. Berg and M. M.
Howe (ed.), Mobile DNA. American Society for Microbiology, Washington,
D.C.

4. Bertani, G. 1951. Studies on lysogenesis. I. The mode of phage liberation by
lysogenic Escherichia coli. J. Bacteriol. 62:293–300.

5. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for
screening recombinant plasmid DNA. Nucleic Acids Res. 7:1513–1523.

6. Bojovic, B., G. Djordjevic, and L. Topisirovic. 1991. Improved vector for
promoter screening in lactococci. Appl. Environ. Microbiol. 57:385–388.

7. Bruand, C., S. D. Ehrlich, and L. Jannière. 1991. Unidirectional theta
replication of the structurally stable Enterococcus faecalis plasmid pAMb1.
EMBO J. 10:2171–2177.

8. Camilli, A., D. A. Portnoy, and P. Youngman. 1990. Insertional mutagenesis
of Listeria monocytogenes with a novel Tn917 derivative that allows direct
cloning of DNA flanking transposon insertions. J. Bacteriol. 172:3738–3744.

9. Chopin, A. 1993. Organization and regulation of genes for amino acid bio-
synthesis in lactic acid bacteria. FEMS Microbiol. Rev. 12:21–38.

10. David, S., H. Stevens, M. van Riel, G. Simons, and W. M. de Vos. 1992.
Leuconostoc lactis b-galactosidase is encoded by two overlapping genes. J.
Bacteriol. 174:4475–4481.

11. Delorme, C., J.-J. Godon, S. D. Ehrlich, and P. Renault. 1993. Gene inac-
tivation in Lactococcus lactis: histidine biosynthesis. J. Bacteriol. 175:4391–
4399.

12. de Vos, W. M., and G. Simons. 1994. Gene cloning and expression systems in
lactococci, p. 52–105. InM. J. Gasson and W. M. de Vos (ed.), Genetics and
biotechnology of lactic acid bacteria. Blackie Academic & Professional,
Glasgow, United Kingdom.

13. Dickely, F., D. Nilsson, E. B. Hansen, and E. Johansen. 1995. Isolation of
Lactococcus lactis nonsense suppressors and construction of a food-grade

2546 ISRAELSEN ET AL. APPL. ENVIRON. MICROBIOL.



cloning vector. Mol. Microbiol. 15:839–847.
14. Gasson, M. J. 1983. Plasmid complements of Streptococcus lactis NCDO 712

and other lactic streptococci after protoplast-induced curing. J. Bacteriol.
154:1–9.

15. Godon, J.-J., C. Delorme, J. Bardowski, M.-C. Chopin, S. D. Ehrlich, and P.
Renault. 1993. Gene inactivation in Lactococcus lactis: branched-chain
amino acid biosynthesis. J. Bacteriol. 175:4383–4390.

16. Hanahan, D. 1983. Studies on transformation of Escherichia coli with plas-
mids. J. Mol. Biol. 166:557–580.

17. Holo, H., and I. F. Nes. 1989. High-frequency transformation, by electropo-
ration, of Lactococcus lactis subsp. cremoris grown with glycine in osmotically
stabilized media. Appl. Environ. Microbiol. 55:3119–3123.

18. Israelsen, H., and E. B. Hansen. 1993. Insertion of transposon Tn917 deriv-
atives into the Lactococcus lactis subsp. lactis chromosome. Appl. Environ.
Microbiol. 59:21–26.

19. Johansen, E., and A. Kibenich. 1992. Characterization of Leuconostoc iso-
lates from commercial mixed strain mesophilic starter cultures. J. Dairy Sci.
75:1186–1191.

20. Johansen, E., and A. Kibenich. 1992. Isolation and characterization of
IS1165, an insertion sequence of Leuconostoc mesenteroides subsp. cremoris
and other lactic acid bacteria. Plasmid 27:200–206.

21. Kiewiet, R., J. Kok, J. F. M. L. Seegers, G. Venema, and S. Bron. 1993. The
mode of replication is a major factor in segregational plasmid instability in
Lactococcus lactis. Appl. Environ. Microbiol. 59:358–364.

22. Koivula, T., M. Sibakov, and I. Palva. 1991. Isolation and characterization of
Lactococcus lactis subsp. lactis promoters. Appl. Environ. Microbiol. 57:333–
340.

23. Kuroda, M. I., H. Shimotsu, D. J. Henner, and C. Yanofsky. 1986. Regula-
tory elements common to the Bacillus pumilus and Bacillus subtilis trp oper-
ons. J. Bacteriol. 167:792–798.

24. Macrina, F. L., R. P. Jones, J. A. Tobian, D. L. Hartley, D. B. Clewell, and
K. R. Jones. 1983. Novel shuttle plasmid vehicles for Escherichia-Streptococ-
cus transgeneric cloning. Gene 25:145–150.

25. Marsh, J. L., M. Erfle, and E. J. Wykes. 1984. The pIC plasmid and phage
vectors with versatile cloning sites for recombinant selection by insertional
inactivation. Gene 32:481–485.

26. Martinussen, J., and K. Hammer. 1994. Cloning and characterization of upp,
a gene encoding uracil phosphoribosyltransferase from Lactococcus lactis. J.
Bacteriol. 176:6457–6463.

27. Miller, J. M. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

28. Nilsson, D., and E. Johansen. 1994. A conserved sequence in tRNA and

rRNA promoters of Lactococcus lactis. Biochim. Biophys. Acta 1219:141–
144.

29. O’Sullivan, D. J., and T. R. Klaenhammer. 1993. Rapid mini-prep isolation
of high-quality plasmid DNA from Lactococcus and Lactobacillus spp. Appl.
Environ. Microbiol. 59:2730–2733.

30. Pedersen, M. L., K. R. Arnved, and E. Johansen. 1994. Genetic analysis of
the minimal replicon of the Lactococcus lactis subsp. lactis biovar. diacetyl-
actis citrate plasmid. Mol. Gen. Genet. 244:374–382.

31. Platteeuw, C., G. Simons, and W. M. de Vos. 1993. Use of the Escherichia coli
b-glucuronidase (gusA) gene as a reporter gene for analyzing promoters in
lactic acid bacteria. Appl. Environ. Microbiol. 60:587–593.

32. Qoronfleh, M. W., C. Debouck, and J. Keller. 1992. Identification and char-
acterization of novel low-temperature-inducible promoters of Escherichia
coli. J. Bacteriol. 174:7902–7909.

33. Simons, G., H. Buys, R. Hogers, E. Koehnen, and W. M. de Vos. 1990.
Construction of a promoter-probe vector for lactic acid bacteria using the
lacG gene of Lactococcus lactis. Dev. Ind. Microbiol. 31:31–39.

34. Terzaghi, B. E., and W. E. Sandine. 1975. Improved medium for lactic
streptococci and their bacteriophages. Appl. Microbiol. 29:807–813.

35. van Asseldonk, M., W. M. de Vos, and G. Simons. 1993. Cloning, nucleotide
sequence, and regulatory analysis of the Lactococcus lactis dnaJ gene. J.
Bacteriol. 175:1637–1644.

36. van de Guchte, M., J. Kok, and G. Venema. 1992. Gene expression in
Lactococcus lactis. FEMS Microbiol. Rev. 88:73–92.

37. van der Vossen, J. M. B. M., J. Kok, and G. Venema. 1985. Construction of
cloning, promoter-screening, and terminator-screening shuttle vectors for
Bacillus subtilis and Streptococcus lactis. Appl. Environ. Microbiol. 50:540–
542.

38. van der Vossen, J. M. B. M., D. van der Lelie, and G. Venema. 1987. Isolation
and characterization of Streptococcus cremoris Wg2-specific promoters.
Appl. Environ. Microbiol. 53:2452–2457.

39. van Rooijen, R. J., M. J. Gasson, and W. M. de Vos. 1992. Characterization
of the Lactococcus lactis lactose operon promoter: contribution of flanking
sequences and LacR repressor to promoter activity. J. Bacteriol. 174:2273–
2280.

40. Youngman, P. 1987. Plasmid vectors for recovering and exploiting Tn917
transpositions in Bacillus and other Gram-positive bacteria, p. 79–103. In K.
Hardy (ed.), Plasmids: a practical approach. IRL Press, Oxford.

41. Youngman, P., P. Juber, J. B. Perkins, K. Sondman, M. Igo, and R. Lovick.
1985. New ways to study developmental genes in spore-forming bacteria.
Science 228:285–291.

VOL. 61, 1995 REGULATED PROMOTERS IN LACTOCOCCUS LACTIS 2547


